Introduction
============

With growth accelerating in portable electronics, power tools, electric vehicles (EV) and grid storage in the past decade, rechargeable lithium-ion batteries (LIBs) have been studied intensively, and the energy density of the best commercial batteries has been doubled.[@cit1],[@cit2] However, there are still rapidly growing demands for LIBs with high capacity, high power, and high cycle stability.[@cit3]--[@cit7] As the current commercial anode for LIBs, graphite is maintaining its position, but it is unable to meet the rapidly growing energy demand due to its high energy density and high power density (mainly specific capacity and operating voltage) advanced materials is of great importance for the real application of LIBs.[@cit8],[@cit9] Among many high specific capacity alternatives to graphite, silicon (theoretical capacity: 3578 mA h g^--1^/Li~15~Si~4~) and tin (theoretical capacity: 993 mA h g^--1^/Li~4.4~Sn) have been pursued as anode materials that undergo alloying reactions with lithium.[@cit6],[@cit10]--[@cit15] However, during the lithiation and delithiation process these alloying materials (Si, and Sn or its composite) suffer from limited electrical conductivity, high volume expansion, slow Li-ion transport, dissolution and other unfavorable interactions with the electrolyte, and mechanical brittleness, leading to capacity loss.[@cit16]--[@cit18] Another critical problem is that the volume change can destroy the SEI protective film resulting in continuous electrolyte decomposition, reducing the availability of Li and increasing the cell impedance.[@cit19]--[@cit21] To date, great efforts have been made to develop high performance electrode materials for LIBs, such as various nanostructures (hollow nanospheres, nanotubes, nanoparticles, and nanofilms)[@cit22]--[@cit28] or composition materials (with carbon, carbon nanotubes, and graphene),[@cit29]--[@cit37] which have shown extraordinary promise for Li-ion storage, but these still needs to be improved before further application. Even though making leaps in battery technology is surprisingly hard to do, the research and development of novel materials will continue to overcome these challenges and push the boundaries of cost, energy density, power density, cycle life, and safety.[@cit17],[@cit38]--[@cit42]

Recently, transition-metal carbonates (MCO~3~: M = Fe, Mn, and Co) with high theoretical capacities based on the conversion mechanism were reported,[@cit43] in which the reduction of Li~2~CO~3~ could be catalyzed by *in situ* generated transition metal M nanocrystals to lower valence carbide materials (*i.e*., Li~*x*~C~2~, *x* = 0--2).[@cit44]--[@cit48] Among them, the Ni(HCO~3~)~2~ in its highest lithiated state can deliver up to 4.8 times more capacity (1781.8 mA h g^--1^) than graphite (372 mA h g^--1^).[@cit45],[@cit46],[@cit49],[@cit50] Unfortunately, similar to the transition-metal carbonate materials, ordinary Ni(HCO~3~)~2~ has fatal defects, which usually present poor cycling stability and low rate capability due to inherently poor electronic conductivity, slow reaction kinetics, and a lack of structural stability during the charge/discharge process.[@cit46],[@cit51]--[@cit53] In essence, enhancing the structural stability and electron/ion conductivity are two key challenges in the development of high performance electrode materials for LIBs. Various methods, such as self-assembly, wet-chemical synthesis, and hydrothermal and template-assisted synthesis, have been employed to prepare nanostructured Ni(HCO~3~)~2~ materials.[@cit50],[@cit54],[@cit55] However, such nanoscale materials cannot exhibit satisfactory electrochemical or electrocatalytic properties due to the agglomeration of nanoparticles and inefficient electrolyte--electrode contact (Scheme S1a, ESI[†](#fn1){ref-type="fn"}). Therefore, the comprehensive design of three dimensional (3D) assembled nano-architectures has shown a strategic advantage for highly stable and ultrafast energy storage.[@cit56] Generally, as graphene possesses a large surface area, high intrinsic electrical conductivity and excellent mechanical flexibility, it is normally incorporated to construct continuous 3D networks, which could improve the structural integrity to enhance the electron transfer, accelerate reaction kinetics, and assuage volume expansion.[@cit52],[@cit57],[@cit58] It is highly desirable and quite challenging to develop a green and facile synthetic route for fabrication of the 3D architecture of a nickel bicarbonate and graphene composite material with a highly organized nanostructure and morphology.

Herein, a novel 3D layered nano-architecture network with Ni(HCO~3~)~2~ nanocubes wrapped in reduced graphene oxide (denoted as Ni(HCO~3~)~2~/rGO) is first synthesized *via* a one-step hydrothermal synthesis and self-assembly based on the electrostatic interaction and coordination principle.[@cit59]--[@cit61] The 3D Ni(HCO~3~)~2~/rGO composite is demonstrated to deliver a high capacity retention and long cycling stability due to the robust structure, ideal SEI film (LiF, LiOH) and rapid electron/ion transport (Scheme S1b[†](#fn1){ref-type="fn"}). Benefiting from the synergistic effects between the Ni(HCO~3~)~2~ nanocubes and rGO networks, the as-prepared Ni(HCO~3~)~2~/rGO exhibits an ultrahigh specific capacity (2450 mA h g^--1^ for the 100^th^ cycles at 0.1 A g^--1^), ultralong cycling stability (greater than 1535 mA h g^--1^ after 1000^th^ cycles at 5 A g^--1^), and ultrahigh rate capability (more than 803 mA h g^--1^ for the 2000^th^ cycle at 10 A g^--1^). Moreover, the electrochemical mechanism of the Ni(HCO~3~)~2~/rGO is studied closely using *in situ* XRD and *ex situ* XPS measurements.

Results and discussion
======================

The detailed fabrication process of the Ni(HCO~3~)~2~/rGO was achieved *via* a one-step hydrothermal and self-assembly process based on the electrostatic interaction and coordination principle as shown in [Scheme 1](#sch1){ref-type="fig"}.

![Schematic illustration of the Ni(HCO~3~)~2~/rGO composite.](c8sc02868k-s1){#sch1}

The scanning electron microscopy (SEM) images ([Fig. 1a](#fig1){ref-type="fig"}, S1a and b[†](#fn1){ref-type="fn"}) show that the highly porous 3D Ni(HCO~3~)~2~/rGO aerogel has a hierarchical structure with multi-scale pores and spans hundreds of micrometers. Interestingly, it has different structural characteristics from different perspectives. When it is viewed from the edge ([Fig. 1b](#fig1){ref-type="fig"} and S1c[†](#fn1){ref-type="fn"}), a cross sectional image with a large number of Ni(HCO~3~)~2~ nanocubes sandwiched by rGO films is observed. When viewed from the plane part ([Fig. 1d](#fig1){ref-type="fig"}), it can be observed that the nanocubes are uniformly distributed in the 3D porous rGO networks. Moreover, the high-magnification SEM images ([Fig. 1c and e](#fig1){ref-type="fig"}) exhibit that the Ni(HCO~3~)~2~ nanocubes with an average diameter of 100 ± 20 nm are well encapsulated within the wrinkled rGO films. The intimate connection microstructure of Ni(HCO~3~)~2~ and rGO can be further confirmed by the transmission electron microscopy (TEM) images ([Fig. 1f](#fig1){ref-type="fig"}, S1d and e[†](#fn1){ref-type="fn"}). Of particular note, as shown in the magnified TEM image ([Fig. 1g](#fig1){ref-type="fig"}), the nanocube of Ni(HCO~3~)~2~ has a clear cubic structure and few defects. The high-resolution transmission electron microscopy (HRTEM) images ([Fig. 1h](#fig1){ref-type="fig"} and S1f[†](#fn1){ref-type="fn"}) demonstrate that the Ni(HCO~3~)~2~ nanocubes anchored on the rGO films are well crystallized. The interplanar spacings between them are measured to be ∼0.56 and 0.34 nm, which are well matched with the d-spacings of the (110) and (211) planes of cubic Ni(HCO~3~)~2~, respectively. These results can also be confirmed by the X-ray diffraction XRD results. As shown in [Fig. 1i](#fig1){ref-type="fig"}, the XRD pattern presents the pure crystallographic feature of the cubic Ni(HCO~3~)~2~ crystals (JCPDS card no. 15-0782). There is no carbon peak in the XRD pattern of the Ni(HCO~3~)~2~/rGO hybrid, indicating a lower amount of rGO in the composite. This phenomenon is consistent with the previous related reports.[@cit59] Furthermore, as shown in [Fig. 1(j), (k)](#fig1){ref-type="fig"}, S1(g) and (h),[†](#fn1){ref-type="fn"} the over-lapped elemental mapping images reveal the uniform presence of carbon, oxygen, and nickel elements in the 3D porous Ni(HCO~3~)~2~/rGO. Moreover, the quantitative elemental analysis based on the energy dispersed spectrum (EDS) proves the existence of the C, O, and Ni elements in Ni(HCO~3~)~2~/rGO (Fig. 1l and S1i[†](#fn1){ref-type="fn"}). As it has uninterrupted conductive networks with mutually connected configuration nanosized subunits wrapped by extended and flexible rGO films, the highly uniformed Ni(HCO~3~)~2~/rGO architecture increases the electrode/electrolyte contact area. It is expected that this novel structure could provide more active sites and effective ion transport paths, and would result in more compact Li-ion storage with a high performance.

![Microstructure and morphology of the synthesized Ni(HCO~3~)~2~/rGO. SEM images: (a) aerogel of the Ni(HCO~3~)~2~/rGO, (b and c) cross section, showing that most of the Ni(HCO~3~)~2~ nanocubes are embedded in the 3D layered rGO network, and (d and e) plane part, showing that most of the Ni(HCO~3~)~2~ nanocubes are wrapped by rGO films; (f and g) TEM, and (h) HRTEM images; (i) XRD pattern; (j) TEM image of the selected area, (k) elemental mapping images, and (l) EDS spectrum, showing the uniform presence of C, O, and Ni.](c8sc02868k-f1){#fig1}

The surface area and pore structure of Ni(HCO~3~)~2~/rGO were evaluated by nitrogen adsorption--desorption measurements at 77 K. The isotherm curves ([Fig. 2a](#fig2){ref-type="fig"}) exhibit type IV hysteresis loops, showing the presence of mesopores in the Ni(HCO~3~)~2~/rGO with the total pore volume being 0.28 cm^3^ g^--1^. From the desorption branch of the isotherm curves ([Fig. 2b](#fig2){ref-type="fig"}), the two types of the Barrett--Joyner--Halenda (BJH) desorption pores are shown. One is on the material surface (∼4.4 nm), the other one is the stacking pores of the Ni(HCO~3~)~2~ nanocubes in rGO (5--50 nm). The specific surface area is calculated to be 45.78 m^2^ g^--1^ according to the experimental measurements. This seems to be relatively small, and the reason could be that the Ni(HCO~3~)~2~ nanocubes are almost completely wrapped by rGO films, so that N~2~ cannot be effectively adsorbed and desorbed on the nanocubes Ni(HCO~3~)~2~ surface during the Brunauer--Emmett--Teller (BET) test. Furthermore, the smaller BET value could mainly be contributed to by the rGO surface, and the graphene ratio in Ni(HCO~3~)~2~/rGO was calculated to be 19.98 wt% according to the thermogravimetric analysis (TGA) results (Fig. S2[†](#fn1){ref-type="fn"}).

![(a) N~2~ adsorption--desorption isotherms and (b) corresponding pore size distribution curve of Ni(HCO~3~)~2~/rGO; (c) FTIR spectroscopies and (d) Raman spectra of the GO, rGO, and Ni(HCO~3~)~2~/rGO.](c8sc02868k-f2){#fig2}

The Fourier transform infrared (FT-IR) spectra of GO, rGO, and Ni(HCO~3~)~2~/rGO are shown in [Fig. 2c](#fig2){ref-type="fig"}. The bands at 3410, 1735, 1400, 1224, and 1049 cm^--1^ correspond to the O--H, C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O, C--OH, C--O, and C--O--C of the oxygen-containing functional groups on GO, respectively.[@cit62] For the rGO, the disappearance of the C--OH and C--O--C stretching vibrations indicate that the GO has been reduced by the hydrothermal treatment. The bands at 1558, and 1442 cm^--1^ correspond to the --COO^--^ symmetric and anti-symmetric stretching vibrations, respectively.[@cit59] For bicarbonate, the peak at 827 cm^--1^ could correspond to the C--H stretching vibration. The peaks that emerge at 613 and 493 cm^--1^ for Ni(HCO~3~)~2~/rGO could be ascribed to the symmetric and anti-symmetric Ni--O stretching, respectively. The Raman spectra ([Fig. 2d](#fig2){ref-type="fig"}) displays the peaks at 1337 and 1592 cm^--1^ which are attributed to the G and D bands of graphene, respectively. The G band corresponds to the sp^2^ hybridized carbon, and the D band provides evidence of the defects presence on the rGO films (such as band-length disorder, band-angle disorder, vacancies and edge defects, *etc.*).[@cit63] The intensity ratio of the D band to the G band (*I*~D~/*I*~G~) of Ni(HCO~3~)~2~/rGO is 1.08, which is larger than those obtained for GO (*I*~D~/*I*~G~ = 0.94) and rGO (*I*~D~/*I*~G~ = 1.05), indicating that the disordered nature of Ni(HCO~3~)~2~/rGO increases due to the hydrothermal reduction treatment and introduction of Ni(HCO~3~)~2~. The characteristic band at 484.5 cm^--1^ could be from the longitudinal optical phonon mode of Ni(HCO~3~)~2~.

The electrochemical performance of the 3D Ni(HCO~3~)~2~/rGO composite was evaluated in a half-cell configuration using cyclic voltammetry (CV) measurements firstly. Under lithiation and delithiation processes, the cathodic and anodic reactions are an effective way to depict the mechanisms clearly. The CV curves ([Fig. 3a](#fig3){ref-type="fig"}) show that, in the first scanning cycle, the Ni(HCO~3~)~2~/rGO electrode develops a broad cathodic reduction peak centered at 1.12 V, which can be attributed to the reduction of Ni^2+^ to metallic Ni following eqn (1). Interestingly, the transfer from LiHCO~3~ to Li~*x*~C~2~ (*x* = 0, 1, 2) could contribute to the subsequent cathodic reduction peak located between 1 and 0.8 V, which is probably catalyzed by the Ni-nanocrystals generated *in situ* and has been proved to account for the ultrahigh capacity of Ni(HCO~3~)~2~, following eqn (2).[@cit50] The sharp cathodic peak and anodic peak at about 0.02 and 0.6 V, which are due to reversible insertion and extraction of lithium from graphene, respectively. The anodic peak at about 1.4 V is ascribed to the reversible transfer from Li~*x*~C~2~ (*x* = 0--2) to LiHCO~3~ which could also be catalyzed by *in situ* generated Ni-nanocrystals according to eqn (2). In addition, in the first cycle, the other two anodic peaks are observed at about 2.09 and 2.58 V, which can be ascribed to the oxidation of Ni^0^ to Ni^2+^ and Ni^2+^ to Ni^3+^ according to eqn (3) and (4), respectively. Interestingly, the two anodic peaks shift to about 2.2 and 2.6 V in the subsequent cycles, which originate from the electrode polarization. After the first cycle, the Ni(HCO~3~)~2~/rGO electrode displays two more cathodic peaks at about 1.59--1.69 V and 0.8--0.9 V, which are ascribed to the reduction of Ni^3+^/Ni^2+^ to Ni^0^ and HCO~3~^--^ to Li~*x*~C~2~ (*x* = 0--2) according to eqn (2)--(4), respectively. In addition, the chemical states of Ni^3+^/Ni^2+^, and Ni^0^ can be clearly observed by *ex situ* X-ray photoelectron spectroscopy (XPS) studies on the cycled electrodes.

![Electrochemical performance of the 3D Ni(HCO~3~)~2~/rGO. (a) Cyclic voltammograms recorded at a scan rate of 0.1 mV s^--1^; (b) galvanostatic discharge/charge profiles of the 1^st^, 2^nd^, 10^th^, and 100^th^ cycle at a current density of 0.1 A g^--1^; (c) rate capability at various current densities (from 0.1 A g^--1^ to 40 A g^--1^); (d) Nyquist curves of electrochemical impedance spectra before cycling, after the 100^th^ cycle and after the 2000^th^ cycle at a current density of 10 A g^--1^; (e) long-term cycling performances at a current density of 5 A g^--1^ and 10 A g^--1^.](c8sc02868k-f3){#fig3}

The lithiation and delithiation processes can be expressed as follows:

First lithiation reaction,

Subsequent lithiation--delithiation reactions,

The galvanostatic charge--discharge (GCD) curves of the 3D Ni(HCO~3~)~2~/rGO show high specific capacities of 3620 and 2645 mA h g^--1^ in the first discharge and charge process, respectively, with a 73.1% coulombic efficiency. The discharge curves of Ni(HCO~3~)~2~/rGO almost overlap and deliver a capacity of 2450 mA h g^--1^ for 100 cycles at 0.1 A g^--1^. In particular, from the second to the 100^th^ cycle, the charge profiles, showing three stable plateaus at 1.25, 2.15, and 2.55 V, seem to be consistent with the oxidation peaks in CV. Such a highly reversible phenomenon has not been reported previously, and shows the synergistic interactions between rGO and Ni(HCO~3~)~2~. Clearly, in the first cycle, the potential ultrahigh theoretical specific capacity (1781.8 mA h g^--1^) of Ni(HCO~3~)~2~ is based on eqn (1) and (2) (*n* = 12 at *x* = 2, here *n* and *x* are the transfer number of electrons and the mole number of inserted Li ions, respectively). Interestingly, after the first cycle, the excellent reversibility benefits from the unique 3D layered nanostructure, and the new potential ultrahigh reversible theoretical specific capacity of the electrode material is estimated to be 1930 mA h g^--1^ based on eqn (2)--(4) (*n* = 13 at *x* = 2).

It is very important for high-power applications that active materials deliver more capacity at high rates. As shown in [Fig. 3c](#fig3){ref-type="fig"}, it is clear that 3D Ni(HCO~3~)~2~/rGO exhibits an excellent rate capability at various current densities. The average capacities are 2450, 2250, 2050, 1830, 1580, 1280, 1020, 760, and 420 mA h g^--1^ at the current rates of 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, and 40 A g^--1^, respectively. Furthermore, when the current density is returned to 0.1 A g^--1^, the average capacity is recovered to 2280 mA h g^--1^. In addition, the Ni(HCO~3~)~2~/rGO exhibits much higher specific capacities than the pure Ni(HCO~3~)~2~ nanoparticles (Fig. S3[†](#fn1){ref-type="fn"}). These capacities are also significantly better than those obtained for the sample fabricated by mechanically mixing rGO and Ni(HCO~3~)~2~ (denoted as Ni(HCO~3~)~2~\@rGO) using the same ratio (Fig. S4[†](#fn1){ref-type="fn"}), as the discharge/charge rates are increased, demonstrating a superior rate performance even at a high current density. This could be attributed to the unique 3D layered nanoarchitecture networks, allowing rapid access to the lithium ion and improving the electrical conductivity.

The cycling stability is also one of the most important parameters for application. The 3D layered Ni(HCO~3~)~2~/rGO materials were tested at a high current density of 5 and 10 A g^--1^ for more than 1000 cycles to study the long-term cycling stability. The result ([Fig. 3e](#fig3){ref-type="fig"}) shows that the Ni(HCO~3~)~2~/rGO can deliver a high capacity of ∼1535 mA h g^--1^ at a current density of 5 A g^--1^ after 1000 cycles, demonstrating a stable and durable energy output. The initial coulombic efficiency is about 74.3%, and subsequently the coulombic efficiencies are steadily increased and stably retain approximately 100% efficiency after ten cycles. It is worth noting that at the higher current density of 10 A g^--1^, the capacity first shows a continuous decay for 400 cycles. Then the capacity gradually increases and reaches approximately 1120 mA h g^--1^ at 1500 cycles, and then progressively decays from 1500 to 2000 cycles (∼80% capacity retention). More electrochemical data can also be seen in the ESI (Fig. S5[†](#fn1){ref-type="fn"}). In addition, the rate performances of the Ni(HCO~3~)~2~/rGO at different nickel concentration (GO, 1.5 mg mL^--1^) are summarized and compared in Fig. S6.[†](#fn1){ref-type="fn"} The excellent high rate and long cycle performance for the ultra-fast charging/discharging process indicates that the nanostructured and layer-by-layer 3D architecture of Ni(HCO~3~)~2~/rGO significantly reduces the ion transport paths.

To further explore the reason for the excellent electrochemical behaviors of Ni(HCO~3~)~2~/rGO, electrochemical impedance spectroscopy (EIS) measurements were conducted before cycling, and after 80 and 2000 cycles in the fully charged state in a frequency range of 100 kHz to 10 mHz and are presented as Nyquist plots in [Fig. 3d](#fig3){ref-type="fig"}. As can be seen, the Nyquist plots consist of a semicircle on the high-to-middle frequency region followed by a sloping line on the low frequency side, these are ascribed to the charge transfer process and the Li^+^ diffusion behavior, respectively. The intercept on the real impedance axis at the high frequency end corresponds to the internal ohmic resistance (*R*~e~) of the electrode, and the semicircle in the middle frequency range is related to the interface capacitance (constant phase angle element (CPE)) and the charge transfer resistance (*R*~ct~). The sloped line is closely associated with the diffusion process of the lithium ions known as the Warburg impedance (*Z*~w~).[@cit64] Furthermore, AC-impedance measurements could be used to gain a comprehensive characterization of the processes occurring at the electrode/electrolyte interface. The measured impedance spectra were fitted with an equivalent electrical circuit ([Fig. 3d](#fig3){ref-type="fig"}, inset) and the best-fitted parameters were tabulated (Table S1, ESI[†](#fn1){ref-type="fn"}). Before cycling, the CPE, Re and Zw of the Ni(HCO~3~)~2~/rGO electrode were 0.875 × 10^--6^ F, 2.4 Ω, and 112.8 Ω, respectively. The electrode shows a similar CPE, and the *R*~e~ gradually increases to 3.6 Ω and 7.1 Ω, after 80 and 2000 cycles, respectively. On the other hand, as both the *R*~ct~ and *Z*~w~ values decrease for 80 and 2000 cycles, it is speculated that both the ionic and electronic conductivity would increase with the charging/discharging process, thus further confirming the integrity of such 3D layered conductive networks and the stability of the SEI film on the active materials surface. This impedance evolution in the charge/discharge cycles is well matched to the remarkable electrochemical performance of Ni(HCO~3~)~2~/rGO as an electrode material for use in LIBs.

The mixtures of the nano nickel oxide and lithium carbonate were prepared using a ball milling method, and then researched as electrode material for use in LIBs (see Fig. S7[†](#fn1){ref-type="fn"}). Considering the different proportions of nano nickel oxide to lithium carbonate in the mixture, it was found that the specific capacities of their mixtures are only related to the nickel oxide and not directly to lithium carbonate, indicating that nickel atoms generated from the mixtures do not show any catalytic effect on the reduction of lithium carbonate to Li~*x*~C~2~. Therefore, the discharge/charge mechanism of the Ni(HCO~3~)~2~ should be studied more closely.

As shown in [Fig. 4a--c](#fig4){ref-type="fig"}, the lithium-storage mechanism of the as-obtained Ni(HCO~3~)~2~/rGO was carefully studied using an *in situ* XRD measurement. The first lithiation process of Ni(HCO~3~)~2~/rGO is very complex, along with the initial discharging process. The current understanding of this process is based on the principle that the conversion of pristine Ni(HCO~3~)~2~ (eqn (1)), leads to the further conversion of the new intermediates (eqn (2)--(4)), and the formation of a SEI film on the electrode/electrolyte interface. As shown in [Fig. 4a](#fig4){ref-type="fig"}, the characteristic peaks of the Ni(HCO~3~)~2~ phase at 37.1°, 40.2°, and 43.1° gradually weaken, move to a high angle, and disappear. Interestingly, during the first discharging process, it is observed that the characteristic peak of the Ni (111) phase at 44.4° gradually increases during the discharging process from 1.5 V to 1.2 V. Next, the peak of the Ni phase first decreases and then rises from 1.2 V to 0.01 V, despite the interferential peak of the Kapton film (the load of ultrathin copper foil on the Kapton film as a current collector and window). The reason why this experimental phenomenon is produced could be because the *in situ* generated Ni atoms are used in the reduction reaction from LiHCO~3~ to Li~*x*~C~2~ (*x* = 0--2) as a catalyst. After the first cycle, it was observed that the peak of the Ni phase regularly appears during the discharge/charge cycling process (near about 0 V). This further illustrates that the process of formation and disappearance of nickel may be related to its participation in catalytic reactions. During the first and second discharge/charge process, the peaks near 38.5° and 41.5° gradually appear ([Fig. 4b](#fig4){ref-type="fig"}), which could be attributed to the formation of the LiF (111) and LiOH (002) phase in the SEI film, respectively. The peak from the Li~*x*~C~2~ (*x* = 0--2) phase close to 50.8° is also clearly observed in [Fig. 4c](#fig4){ref-type="fig"} during the cycling process.

![*In situ* XRD analysis of the lithium-storage mechanism of the as-prepared Ni(HCO~3~)~2~/rGO electrodes: (a) cycles 1 to 4.5 and the corresponding image plots of the diffraction patterns in a 2*θ* range of 36.5--45.5° within the voltage window of 0.01--3 V at a current density of 300 mA g^--1^, and (b) waterfall diagram showing the evolution of the XRD patterns at different discharge/charge states (the peaks 1--3 are assigned to Ni(HCO~3~)~2~); (c) cycles 1 to 4 and the corresponding image plots of the diffraction patterns in a 2*θ* range of 47.9--57.1° within the voltage window of 0.01--3 V at a current density of 250 mA g^--1^.](c8sc02868k-f4){#fig4}

The electrode composition before and after cycling was analyzed by *ex situ* XPS ([Fig. 5](#fig5){ref-type="fig"}, and S8[†](#fn1){ref-type="fn"}) to further understand the electrochemical reaction mechanism. As shown in [Fig. 5a](#fig5){ref-type="fig"}, the C 1s region of pristine Ni(HCO~3~)~2~/rGO can be fitted to three peaks at binding energies of 284.5, 286.1, and 290.6 eV, which can be assigned to C--C/C--H, C--OH/C--O--C, and HCO~3~^--^ bindings, respectively.[@cit50] However, the cycled Ni(HCO~3~)~2~/rGO ([Fig. 5a and b](#fig5){ref-type="fig"}) displays four C 1s peaks at the binding energies of 284.5, 286.4, 288.5, and 290.6 eV, which are assigned to C--C/C--H, C--F/C--OH/C--O--C, C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O, and HCO~3~^--^ bindings, respectively.[@cit65] The relative percentage of the estimated peak areas at 284.8, 286.4, 288, and 290 eV are calculated based on the area integral. As the first discharging progressed from 1.2 V to 0.5 V, the C-contents of HCO~3~^--^ and C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O gradually decreased from 12.5% to 11.7% (at 0.1 V the value is 6.5%) and 18.2% to 4.6%, respectively. This means that the gradual transformation of HCO~3~^--^ in Ni(HCO~3~)~2~ is mainly into a C--C binding-based species (this increased from 14.7% at 1.2 V to 48.7% at 0.5 V) corresponding to eqn (2). During the subsequent charging process from 0.1 V to 2.9 V, the C-contents of HCO~3~^--^ increased from 6.5% and 9.1%, and the C--C binding based species decreased from 60.6% to 58.9%. These results clearly indicate that reversible reactions between HCO~3~^--^ and the C--C binding based species (*i.e.*, Li~*x*~C~2~, *x* = 0--2) are occurring at the cycled electrodes. For the O 1s XPS spectra ([Fig. 5c and d](#fig5){ref-type="fig"}), pristine Ni(HCO~3~)~2~/rGO shows a single O 1s peak at the binding energy of 532 eV, which is assigned to --HCO~3~. The discharged and charged samples showed two peaks at 531.2 and 533 eV, which are assigned to LiOH/Li~2~O, and the C--O\[combining low line\]--C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O bindings of HCO~3~^--^/EC/DEC, respectively.[@cit66] These mean that the SEI (LiF/LiOH) film on the Ni(HCO~3~)~2~/rGO substrate in EC/DEC/LiPF~6~ electrolytes is formed by reduction of EC, DEC, and LiPF~6~, which is in good agreement with the results of the *in situ* XRD data. Furthermore, as is well known, the SEI film plays a key role in the cycle life of a battery, so its chemical composition is very important.[@cit67],[@cit68] Compared to Li~2~CO~3~, LiF is a good Li^+^ conductor and can reduce the impedance and irreversible capacity loss.[@cit69] For the Ni 2p XPS spectra ([Fig. 5e](#fig5){ref-type="fig"}), pristine Ni(HCO~3~)~2~/rGO shows two Ni 2p~3/2~ peaks at 857.4 and 862.7 eV, and two Ni 2p~1/2~ peaks at 875 and 881.3 eV. The first discharged sample had two Ni 2p~3/2~ peaks at 850.9, 859.7 eV which can be attributed to Ni^0^, and one wide and low Ni 2p~1/2~ peak at about 870--880 eV. For the first and 2000^th^ cycle charged electrodes, there are two Ni 2p~3/2~ peaks at 850.5 (Ni^0^), 858 (Ni^0^), and two Ni 2p~1/2~ peaks at about 878 eV (Ni^2+^) and 880 eV (Ni^3+^). Interestingly, the middle state of the first discharged electrodes ([Fig. 5f](#fig5){ref-type="fig"}) at 1.2 V and 0.5 V has two Ni 2p~3/2~ peaks at 852 and 858.1 eV which can be attributed to Ni^0^, and two Ni 2p~3/2~ peaks at 854.4 and 861.4 eV which can be attributed to NiO, and one Ni 2p~1/2~ peak at about 876 eV which can be attributed to Ni^0^.[@cit70],[@cit71] Overall, the *in situ* XRD and *ex situ* XPS results further indicate that the Ni(HCO~3~)~2~ electrochemical performance follows the discharging/charging mechanism expressed in eqn (1)--(4).

![*Ex situ* XPS of as-prepared Ni(HCO~3~)~2~/rGO and its electrodes: (a and b) C 1s peak, (c and d) O 1s peak, and (e and f) Ni 2p peak at different state electrodes.](c8sc02868k-f5){#fig5}

The structural stability of the Ni(HCO~3~)~2~/rGO electrodes after the first and 100^th^ cycle at 5 A g^--1^ and the 2000^th^ cycle at 10 A g^--1^ was investigated using SEM (Fig. S9[†](#fn1){ref-type="fn"}). It can be observed that the nanocube structures and 3D conductive networks in the composite are almost maintained (Fig. S9a, c, and e[†](#fn1){ref-type="fn"}). This closed 3D connection may assist in confining the suppressed volume change, the formation of a stable SEI film, and improving electrical continuity, resulting in a reduced electrode internal resistance and even enhanced electrode kinetics. As shown in the high magnification images (Fig. S9b, d, and f[†](#fn1){ref-type="fn"}), it can be seen that the surfaces of the nanocubes become slick and possess multiscale pores. With prolonged cycling, the SEI film became thicker and strongly anchored onto the 3D networks. This suggests that the 3D layered nanostructures can significantly boost the Li^+^ ion and electron transfer.

To examine the possible reasons for the improved rate capability and cycling stability of the Ni(HCO~3~)~2~/rGO electrode, detailed kinetic analysis was conducted for a lithium storage device. Cyclic voltammetry measurements were carried out to further understand the electrochemical kinetics of the Ni(HCO~3~)~2~/rGO electrode. The CV curves at various scan rates from 0.2 to 20 mV s^--1^ display similar shapes and it is observed that the peaks become gradually broader as the scan rate increases ([Fig. 6a](#fig6){ref-type="fig"}). The total stored charge could be contributed to by several different ways, and these can be characterized by analyzing the CV data at various sweep rates according to

![Electrochemical properties of the Ni(HCO~3~)~2~/rGO electrodes in a Li half-cell between 0.01 and 3 V *versus* Li. (a) CV curves at various scan rates from 0.2 to 20 mVs^--1^. (b) Variation of charge and discharge peak currents with scan rates. (c) Voltammetric response at a scan rate of 1 mV s^--1^, the capacitive contribution to the total current is shown by the shaded region; and (d) bar chart showing the contribution ratio of diffusion controlled (dark cyan) and capacitive contribution (shade region) at various sweep rates.](c8sc02868k-f6){#fig6}

In which the measured current *i* obeys a power law relationship with the sweep rate *v*, and *a* and *b* are adjustable parameters.[@cit72],[@cit73] In particular, the *b*-value of 0.5 indicates a total diffusion-controlled process, whereas 1.0 represents a capacitive process. By plotting log *i vs.* log *v*, *b*-values are determined as the slopes, and 0.78 and 0.77 are calculated for cathodic and anodic peaks, respectively ([Fig. 6b](#fig6){ref-type="fig"}), indicating that the peak current is almost evenly controlled by the capacitive and diffusion-controlled process. The total capacitive contribution at a certain scan rate can be quantified by separating the specific contribution from the capacitive and diffusion-controlled process at a particular voltage according to

In which *k*~1~ and *k*~2~ are constants for a given potential. By plotting *i*(*V*)/*v*^1/2^*versus v*^1/2^, *k*~1~ is determined as the slope and *k*~2~ is obtained according to the intercept, therefore capacitive and diffusion contributions can be obtained (Fig. S10[†](#fn1){ref-type="fn"}).[@cit74] Comparing the shaded area (*k*~1~*v*) with the experimental currents (solid line) in [Fig. 6c](#fig6){ref-type="fig"}, it can be found that the diffusion-controlled mechanism at 1 mV s^--1^ contributes about 79.7% of the total current of the Ni(HCO~3~)~2~/rGO electrode. Similarly, contribution ratios between the two different ways at other scan rates were also calculated ([Fig. 6d](#fig6){ref-type="fig"}). The quantified results show that the capacitive contribution gradually improves with an increase in the scan rate. It is interesting to note at very fast scan rates, for example, 10 mV s^--1^, the capacitive contribution is still not significant (∼41.8%). It can be concluded that the Ni(HCO~3~)~2~/rGO electrode is mainly diffusion-controlled in nature during the charge/discharge process. It also indicates that the rGO films in Ni(HCO~3~)~2~/rGO are good conducting networks and stably hold their structure.

Conclusions
===========

In summary, we developed a versatile one-step hydrothermal and self-assembly method based on the electrostatic interaction and coordination principle to prepare Ni(HCO~3~)~2~ nanocubes (*d* = 100 ± 20 nm) with a good size-distribution wrapped by rGO films, which induced a hybrid 3D architecture anode material for use in high performance LIBs. Specifically, the as-prepared Ni(HCO~3~)~2~/rGO delivers an ultrahigh capacity (2450 mA h g^--1^ for 100 cycles at 100 mA g^--1^), an ultralong cycle stability (1120 mA h g^--1^ after 1500 cycles at 10 A g^--1^, and 1535 mA h g^--1^ after 1000 cycles at 5 A g^--1^), and an ultrafast rate capability (more than 450 mA h g^--1^ capacity at a current density of 40 A g^--1^). This is the best lithium storage performance that has been achieved among carbonate-based anodes that has been reported to date ([Table 1](#tab1){ref-type="table"}). Such promising electrochemical results are attributed to the layer-by-layer integrated structure by achieving better electrical contact between the active materials to shorten ion transportation paths, which highlights the synergistic effect from combining the Ni(HCO~3~)~2~ nanocubes and rGO films. Additionally, the lithium storage mechanism of the as-prepared 3D Ni(HCO~3~)~2~/rGO has been studied *via in situ* XRD and *ex situ* XPS techniques with the reversible transfer from LiHCO~3~ to Li~*x*~C~2~ (*x* = 0--2) and the further oxidation of Ni^0^ to Ni^2+^/Ni^3+^ allowing the ultrahigh specific capacity. In particular, on the electrode surface, the main components of the formed SEI film that display stability/durability are LiF and LiOH, which are good Li^+^ conductors and reduce the resistance and irreversible capacity loss, they also play a key role in cycling at a high rate and for a long lifetime. Meanwhile, electrochemical reaction kinetics have also been studied to further understand the unprecedented rate capability. More significantly, the facile synthesis, outstanding performance, and scientific understanding of the 3D Ni(HCO~3~)~2~/rGO architectures provide a further strategy for the design of graphene based composite materials *via* the coordination principle and using molecular self-assembly theory to achieve better materials for use in energy storage and catalysis applications, and so forth.

###### Comparison of structural characterization and electrochemical performance of the recent reports on the high performance anode materials for LIBs

  Morphology                          Composite                      Current (A g^--1^)   Voltage range (V)   Mass loading (g cm^--1^)   Reversible capacity after *n* cycles   Ref. (volume and page numbers)
  ----------------------------------- ------------------------------ -------------------- ------------------- -------------------------- -------------------------------------- -------------------------------------------------------
  Hollow spheres                      Ni(HCO~3~)~2~                  1                    0.01--3             1.5 ± 0.2                  1055 mA h g^--1^ (*n* = 80)            [@cit50], *ACS Energy Lett.*, **2**, 111--116
  Nanostructured porous               MnCO~3~ spheres                5                    0.01--3             ---                        510 mA h g^--1^ (*n* = 2000)           [@cit49], *Nanoscale*, **7**, 10146--10151
  Nanoparticles                       MnCO~3~/graphene               2                    0.01--3             ---                        1050 mA h g^--1^ (*n* = 1100)          [@cit57], *Adv. Mater.*, **27**, 806--812
  Mn~*x*~Co~1--*x*~CO~3~/rGO          Mn~0.7~Co~0.3~CO~3~/rGO        2                    0.01--3             ---                        901 mA h g^--1^ (*n* = 1500)           [@cit52], *Adv. Funct. Mater.*, **28**, 1705817
  Micro-spheric                       Mn~*x*~Ni~*y*~Zn~*z*~CO~3~     1                    0.01--3             ---                        760 mA h g^--1^ (*n* = 1000)           [@cit53], *Small*, **14**, 1702574
  Nanosheets                          MoS~2~/graphene                1                    0.01--3             ∼1                         1250 mA h g^--1^ (*n* = 150)           [@cit75], *Adv. Energy Mater.*, **8**, 1702254
  Hollow ball-in-ball nanostructure   NiO/Ni/graphene                2                    0.01--3             ---                        962 mA h g^--1^ (*n* = 1000)           [@cit76], *ACS nano*, **10**, 377--386
  Hollow nanotubes                    Si--Cu alloy                   3.4                  0.01--1.1           0.18--0.21(Si)             1005 mA h g^--1^ (*n* = 1000)          [@cit77], *Adv. Funct. Mater.*, **26**, 524--531
  Layer-by-layer                      Co~3~O~4~/graphene             0.16                 0.01--3             ---                        1502 mA h g^--1^ (*n* = 300)           [@cit78], *Angew. Chem. Int. Ed.*, **56**, 1869--1872
  Liquid metal                        Sn--Ga alloy                   4                    0.005--3            ---                        400 mA h g^--1^ (*n* = 4000)           [@cit5], *Energy Environ. Sci.* (**10**, 1854--1861)
  3D nanoporous                       SiGe                           1                    0.1--1              ---                        1158 mA h g^--1^ (*n* = 150)           [@cit79], *ACS nano*, **12**, 2900--2908
  Hollow nanoparticles                CoO\@BNG nanotubes             1.75                 0.01--3             0.54--0.65                 400 mA h g^--1^ (*n* = 480)            [@cit80], *Adv. Mater.*, **30**, 1705441
  Nanoparticles                       MgH2/graphene                  2                    0.001--3            ---                        395 mA h g^--1^ (*n* = 1000)           [@cit81], *ACS nano*, **12**, 3816--3824
  Yolk--double shell spheres          NiCo~2~V~2~O~8~                1                    0.01--1.5           0.8--1                     1228 mA h g^--1^ (*n* = 500)           [@cit32], *Angew. Chem. Int. Ed.*, **57**, 2899--2903
  3D layered nanocubes                Ni(HCO~3~)~2~/rGO              5                    0.01--3             1--1.3                     1535 mA h g^--1^ (*n* = 1000)          **This work**
  10                                  803 mA h g^--1^ (*n* = 2000)                                                                                                              

Experimental section
====================

Synthesis of materials
----------------------

First, the as-prepared GO (120 mg) was dispersed into 80 mL deionized water. After the mixture was dispersed using ultrasonic waves for 2 h, the urea (1.9 g, 0.375 M) was dissolved in the GO aqueous suspension Then, the nickel acetate tetrahydrate (0.4 g, 0.02 M) was add into the mixed solution slowly. In this process, the dissociated nickel ions (Ni^2+^) were adsorbed onto the GO sheets by electrostatic interaction and coordination with urea. Subsequently, the as-prepared dispersion was transferred into a 100 mL Teflon-lined autoclave and was hydrothermally treated at 180 °C for 24 h. After cooling down to room temperature, the black cylindrical hydrogel of Ni(HCO~3~)~2~/rGO was obtained (Fig. S11[†](#fn1){ref-type="fn"}). Then, the hydrogel was soak-washed using deionized water eight times and freeze dried overnight to obtain the black aerogel of Ni(HCO~3~)~2~/rGO (Fig. S1a[†](#fn1){ref-type="fn"}). In comparison, the mixed solution without GO (Fig. S3[†](#fn1){ref-type="fn"}) was also treated in the same hydrothermal environment, and the sample, denoted as Ni(HCO~3~)~2~\@rGO, was fabricated by mechanically mixing rGO and Ni(HCO~3~)~2~ according to the same ratio (Fig. S4[†](#fn1){ref-type="fn"}) as the anodes.

Characterization
----------------

X-ray diffraction patterns were obtained from a PANalytical X\'Pert Pro within 2*θ* range from 5° to 80°, by using Cu Kα radiation (*λ* = 1.5418 Å). The morphologies of the samples were obtained from a field-emission scanning microscopy (FESEM, Zeiss Auriga 500). The composition was determined by energy-dispersive X-ray spectroscope, which was attached to the FESEM instrument. TEM, high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), and elemental mapping were performed on a FEI TECNAIG2 F20-S-TWIN instrument with a field emission gun operating at 200 kV. The *in situ* XRD spectra were collected using a Bruker D8 ADVANCE (40 kV, 40 mA) with Cu Kα (*λ* = 0.15406 nm) radiation at a scanning rate of 1° min^--1^. In particular, an ultra-thin copper foil film was coated on the sealed Kapton tape by a thermal evaporator as the current collector and window, lithium foil was used as a counter electrode and Celgard 2400 microporous membrane used as a separator. XPS measurements were performed on the AXIS Supra photoelectron electron spectrometer with Al Kα radiation. The Raman spectra analysis was recorded with a LabRAM HR Evolution (HORIBA) Raman system with a laser frequency of 532 nm as an excitation source and a laser power of 5 mW. The FT-IR spectra of the products were recorded on a Nicolet NEXUS 470 IFS 66 v s^--1^ infrared spectrometer using the standard KBr disk method in the scale of 400--4000 cm^--1^. The amount of carbon in the sample was determined using TGA (NETZSCH STA 449 F3 apparatus) in Ar and air with a heating rate of 10 °C min^--1^. N~2~ adsorption--desorption measurements were conducted on a Micromeritics ASAP 2420-4MP instrument to characterize the porous structure, including the BET surface area and the pore size distribution.

Cell assembly and electrochemical evaluation
--------------------------------------------

The working electrodes were fabricated by mixing the active materials (3D layered nanocubes Ni(HCO~3~)~2~/rGO) with a binder, polyvinylidene fluoride (PVDF), and conductive carbon black, at a weight ratio of 8 : 1 : 1. The mixture was dispersed in *N*-methyl-2-pyrrolidinone (NMP) to from a slurry and then uniformly pasted onto a copper foil with a preparation device (thickness, 200 μm) and then dried under a vacuum at 120 °C for 12 h. The mass of active materials (Ni(HCO~3~)~2~/rGO) per working plate was 1--1.3 mg cm^--2^. Electrochemical test cells were assembled in an argon-filled glove box using coin cells (2016 type) with lithium foil as a counter electrode, and a Celgard 2400 microporous membrane as the separator. The organic electrolyte was composed of 1.0 M LiPF~6~ in ethylene carbonate (EC) and diethyl carbonate (DEC) (1 : 1, v/v). GCD measurements were performed at various current densities over a voltage range of 0.01--3.0 V (*vs.* Li^+^/Li) using the LAND CT2001A multi-channel battery testing system at room temperature. CV and EIS measurements of the electrodes were carried out on an electrochemical workstation (CHI660E). The cyclic voltammograms were obtained over the potential range of 0.01 to 3.0 V at different scanning rates. The impedance spectra were recorded by applying a frequency range from 100 kHz to 0.01 Hz with the amplitude of 5 mV at an open circuit voltage. All the electrochemical tests were performed at room temperature.
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